Faults in transmission and distribution networks often cause voltage sags. Direct matrix converter (DMC)based drives are a new generation of electrical drives. Unlike the conventional two-stage diode supply-side inverter drive, the DMC drive has no direct current (DC) link capacitor and no capacitor charging-time delay before operation. The absence of a DC link makes the DMC-based drive more sensitive to voltage sags. The above-mentioned faults in transmission and distribution networks could degrade the DMC drive's performance and reliability. This paper investigates possible kinds and levels of voltage sags, dependency on network configuration, and the behavior of the DMC-based drive under abnormal input line-voltage conditions. Modification of the DMC drive control to reduce the influence of voltage sags is proposed and verified.
Introduction
The quality of electric power is the degree of any deviation from the nominal values of the voltage magnitude and frequency [1] . Voltage sags are one possible kind of voltage quality deterioration. Faults at either the transmission or distribution level may cause transient voltage sag either in the entire system or in a large part of it. In industrial enterprises, voltage sags could negatively affect the manufacturing process. Any interruption of the manufacturing process is expensive because of production loss and follow-up costs [2] . One of the elements that is sensitive to voltage sags is the direct matrix converter (DMC)-based drive. Recently, the induction motor powered by a three-phase purely semiconductor-based single-stage DMC has established its importance in industrial drive applications [3] [4] [5] . The DMC has received considerable attention because of its being a good alternative to conventional two-stage diode supply-side inverters or back-to-back converters. It is highly controllable and permits independent control of the output voltage magnitude and frequency and the input power factor [6] . Taking into account that a DMC is a direct frequency conversion device without any DC link components, the disturbances at the utility-grid side could immediately impact output voltage and current. An abnormal input voltage could degrade the output characteristics of the DMC and deteriorate the performance of the induction motor [7] . Power interruption by voltage sag has been studied extensively [8] [9] [10] . A technique to eliminate input current distortion due to input voltage unbalance was proposed in * Correspondence: gytis.petrauskas@ktu.lt [7, 11, 12] , but these studies evaluated only abstract and conceptual powering conditions and did not cover combined fault calculation including the analysis of voltage distortion in the power supply lines of industrial enterprises. In [7, 11] , compensation strategies based on feedback and feed-forward methods were presented. In [9, 10] , an approach was introduced to improve the performance of an adjustable speed drive under voltage sags for conventional two-stage diode supply-side inverter. In [12] , a compensation method was presented based on a notch filter. In [13] , a compensation method was presented based on optimal duty cycle recalculation and it was applicable only for unbalanced powering condition (voltage imbalance 15%-20%). The main disadvantage of the proposed compensation methods is application for relatively small-sized voltage sags and imbalances (methods testing with imbalance of less 20%). In the case of deep voltage sags (50%-70% phase to phase) the compensation ability of the proposed methods for DMC output voltage would be exhausted. In the reviewed literature studies presented the behavior of matrix converters only under abstract and conceptual abnormal powering conditions. This explains why the possible faults have to be calculated, and sag voltage permissible limits on the basis of the above-mentioned calculations have to be estimated. In this paper, the calculations and determinations referred to are presented. On the base of occurred faults in an electrical network, observation results and fault calculation for four types of specific abnormal input line voltages situations are discerned (Sag1-Sag4) and the behavior of the DMC under these specific abnormalities is analyzed. This distinguishes this paper from the studies discussed before. A modified control based on output voltage formation by increasing the angle of vectors to 120 • (60 • in conventional DMC control) for reduction of the impact of deep sags on DMC-powered induction motors is proposed, analyzed, and validated.
The effect of voltage sags in a power network on voltage misbalance in the distribution network
Voltage sags caused by short circuits in high-voltage transmission lines are significant in wide area distribution and customer networks. As shown in Figure 1a , the typical industrial enterprise power supply origin is a highvoltage 110-kV line [12, 13] . Short circuits in 110-kV lines are one of the possible reasons for voltage misbalances in an enterprise power distribution network. The influence of these faults is calculated based on symmetrical component analysis, and the calculations are done in a per-unit system. Figure 1b presents a structural diagram for phase-to-ground fault K1 calculation. The diagram was created by interconnecting positive, negative, and zero sequence networks [12, 13] . To simplify the calculation, a presumption that 6/0.4-kV transformers are unloaded is taken. The main influence for short-circuit values has a reactance of 110 kV in system X syst .
For 110-kV networks, it is not desirable that the reactance of the zero sequence be less than the reactance of the positive sequence [14] . Therefore, it is accepted that the reactance X syst of all sequences is equal and X syst < X T 1 . After calculation, the level of the voltages in a per-unit system is:
For calculating the real voltages of all phases, the following equations must be used [15] :
where a = e j120 • -angle of vector rotation. Phase-to-phase faults K2 and K3 in the 6-kV and 0.4-kV networks are calculated in a similar way [14] .
All the possible sags (Sag1-Sag4) calculated in this way are presented in Table 1 , Figure 2 , and Figure 3 . The calculation of K2 gives a similar sag level to K1 and K3 and the results are not subject to further analysis. 
Fault location Sag place
Sag name Percent of occurred faults, depending and type (for further on network voltage % (see Figure 1a The voltage levels calculated in the case of these sags are used as a basis for motor voltage-level analysis for DMC-based drives. It has to be mentioned that the calculated voltage levels are "worst case" sags; higher voltage drops could only occur in the case of a three-phase fault, but the probability of such a fault is low [15] , and the functioning of a drive in this case is unavailable. According to these calculations, it can be seen that voltage sags cause not only voltage-level drops but also phase shifts. Such a phase shift could also influence the DMC output voltage. The authors of this publication found no published research dealing with the impact of such a phase shift. In [7] [8] [9] [10] [11] , only the effect of unbalances and nonsinusoidal input voltages was analyzed. This explains why research on the effect of voltage sags is carried out through theoretical calculation and simulation and presented further.
Topology and control of a researched DMC drive under normal powering conditions
The DMC that is the object of this study is an array of controlled bidirectional semiconductor switches that directly connect each input phase to each output phase, without any intermediate DC link. The practical DMC topology connecting a three-phase voltage source to a three-phase load is presented in Figure 4 . The output voltage waveforms are constructed by piecing together selected segments of the input voltage waveforms [16] .
As a control technique, a space-vector modulation (SVM) is employed. Under normal conditions, the input three-phase voltages can be expressed as:
where V im is the input phase voltage and ω i is the input angular frequency.
Because the DMC system switching frequency is much higher than the voltage and current frequencies on the supply side, average output line voltages and average input phase currents can be used appropriately in SVM control.
The desired average output line-to-line voltages are:
where V om is the amplitude of the output phase voltage, ω o is the output angular frequency, and φ o is the output displacement angle.
The input-phase to output-line transfer function matrix in low frequency T − P hL could be chosen as:
where 0 < m < 1 is the modulation index and φ i is an arbitrary angle.
The matrix converter generates output voltage on the basis of two fixed magnitude voltage vectors by defining duty cycles. There are nine bidirectional switches in the converter and three of them are connected at every moment of the operation. By varying the connection combinations of different switches and changing the connection duty cycles, it is possible to change the DMC output voltage level and phase angle. The previously mentioned duty cycles and reference output voltage vector V out could be defined according to the following formulas as presented in Figure 5a : 
The value of m V is calculated from the V out equation and the angle between vectors V α and V β is 60 • .
After trigonometric transformations:
(15) After simplification, the equation is:
From this equation, the value m V = 0.86.
The reference vector of the DMC output voltage is based on six voltage vectors (AB, CB, CA, BA, BC, AC). For example, the reference vector V out under normal conditions is formed from voltages V α (AB) and V β (AC) ( Figure 6 ). The magnitude of reference vector V out in using SVM does not exceed the limit of 0.86 V in . This comes from the SVM basics for the DMC. Because of this, the motor can be supplied with reduced voltage compared to nominal. The windings of the DMC powered induction motor have to be connected in delta. In the case of a delta-connected motor, the required voltage has to be V mot = 0.56 of nominal line-to-line voltage.
The peculiarities of DMC control in the case of voltage sags
In the case of voltage sags (Figures 2 and 3) , the situation in powering a DMC-based drive becomes complicated; the voltage sag causes a proportional reduction in output voltage V out , but the voltage-angle shift in the case of sags makes the V out change hardly predictable. For the purpose of evaluating the changes referred to, it is necessary to derive an equation for voltage transformation error in the case of a voltage-phase shift based on the vectors presented in Figure 5b .
The voltage-phase shift is marked as angle β . If the angle between vectors V α and V β is wider than 60 • , the shift angle β is positive; otherwise, it is negative: Equations for real and imaginary parts of output voltage V out :
After trigonometric transformations and simplification: 
The imaginary part of V out is transformed and simplified similarly to a real part:
Length of vector V out :
After trigonometric transformations and simplification:
From Eq. (26), it can be seen that |V ′ out | is not constant and depends on angle β . When phase-shift angle β is equal to zero, V ′ out (Eq. (26)) transforms to V out (Eq. (19) ). If angle β is not equal to zero, |V ′ out | decreases, but this depends on the switching angle. That means a high-order harmonic will be generated in the output voltage at the time of a voltage sag.
In the case of Sag1 (Figure 3 ), the voltage drop in two phases reaches 0.57 of nominal voltage. The magnitude and rotating speed of the system space vector V out are not constant in time; the trajectory being described by the vector is not circumference. A locus described by the space vector in the case of Sag1 is presented in Figure 7a . In the case of Sag1, the magnitude of the space vector could vary from 0.25 to 0.73 and at some point of the locus the output voltage is less than the minimal required voltage of 0.56 for induction motor supply V out < V mot over a wide-area angle of operation. This causes significant voltage distortions and deteriorates the induction-motor performance. This is one of the reasons why conventional SVM control of a DMC could be unsuitable in the case of Sag1. Sag2 is in a very similar situation. The voltage sextants of DMC voltages during the Sag2 case are presented in Figure 7b . The locus described by the output voltage reference space vector in the case of Sag3 is presented in Figure  8a . The variation in the magnitude of the space vector ranges from 0.28 to 0.73. The minimal required output voltage for stable operation of a DMC powered induction motor is not ensured. The locus described by the space vector in the case of Sag4 is presented in Figure 8b . The variations in the magnitude of the space vector range from 0 to 0.87. That could cause voltage pulsations of the network frequency in all DMC-powered induction motor phases. This condition is unsuitable for an induction motor as it could cause overloading. In the case of Sag4, the operation of the motor has to be stopped immediately.
The modification of the control system for sag-effect reduction
To meet DMC output voltage requirements during voltage sags, SVM control has to be modified. The proposed modification is based on the assumption that most voltage drops during sags are in one phase of the three-phase system. The modified control has to compensate for the drop in voltage in one of the phases of the three-phase system by the voltages in the other two phases. The vectors of these voltages have to be allocated at an angle of 120 • , not 60 • as in conventional control. The control system has to prevent the vectors of the sag-reduced voltage V γ from forming the converter's output voltage. This situation is presented in Figure 5c . The on-time ratio of vectors could be determined according to the output voltage vector by the same equations as in the conventional method (Eqs. (6)- (9)).
In this case, the voltage transfer ratio of the converter and also the magnitude of the output voltage reference vector are not constant and vary from 0.5 to 0.86 depending on the phase angle. V out mod is reduced because of the increase of the angle between vectors V α and V β from 60 • to 120 • (Figure 6 ). In normal powering mode the modified output voltage V out mod is always less than V out and modified control is not useful.
The modified control became useful in the case of sags even where voltage is absent in one of the three phases (Figures 7 and 8a) . Output voltage V out mod becomes complicated compared to conventional V out with more maximum points. Despite this, V out mod becomes close to the necessary value of 0.56 V in and almost meets the requirements for powering a delta-connected induction motor (0.56 V in ). In the case of Sag4 (Figure 8b) , the modified algorithm is ineffective because there are no vectors that could be used for sag impact compensation.
For more accurate assessment it is necessary to verify the proposed control modifications and compare the output voltage in both cases by way of a DMC-based drive system simulation.
Verification of the modified control system
Because of the impossibility to experiment on an actual power network during the fault, only a computer simulation is carried out to verify that the proposed control can have the effect expected. MATLAB/Simulink software is used for this purpose. The DMC is used to drive a standard 0.75-kW four-pole cage induction motor having the parameters presented in Table 2 . The conventional SVM control system is reinforced by sag monitoring and additional active vector selection (Figure 9 ). The proposed modulation strategy is implemented with the switching frequency of 6 kHz In the case of the sag the above-mentioned block automatically diverts the second active vector-selection functions group according to the presented sequence: The effect of modified control on DMC output voltages in the case of sags is presented in Table 3 . The average effect on voltage transfer ratio is also presented in this table. According to the simulation results, the modified control is applicable only in the case of sags 1 and 2. As shown in Table 3 and Figures 10 and 11 , in the case of the sags referred to, the switching of the second active vector-selection group increases the voltages in the DMC-powered motor windings. The simulated waveforms of the DMC under the operating condition of Sag1 are presented in Figure 14 and show that, by using the proposed modified control, the THDs of the output current and voltage are considerably reduced. The output voltage THD U is reduced from 61.44% to 36.14%, and the output current THD I is reduced from 30.44% to 10.35%. The simulated waveforms of the DMC under the operating condition of Sag2 are presented in Figure 15 and show that, by using the proposed modified control, the THDs of the output current and voltage are considerably reduced, too: THD U from 74.8% to 61.7%, and THD I from 26.3% to 10.8%. In the case of sags 3 and 4, the control modification decreases the voltage levels compared to voltage levels in the case of conventional space-vector control and worsens the voltage and current waveform ( Table 3 and Figures 12 and 13 ). The simulated waveforms of the DMC under the operating condition of Sag3 are presented in Figure 16 and show that the proposed modified control does not improve the THDs. The output voltage THD increased from 42.2% to 79.5%, and the output current THD increased from 18.6% to 19.8%. The simulated waveforms of the DMC under the operating condition of Sag3 are presented in Figure  17 and show low improvement of THDs. 
Conclusion
According to the statistical data and related calculations, the faults in the electric power network are transformed into one-or two-phase sags in the distribution networks and depend on the transformer winding connection and fault type. The calculations referred to show that, in the case of a fault, not only is a voltage drop noticeable, but also a phase voltage shift (the voltage shift angle gains up to 60 • compared to normal mode).
MATLAB/Simulink simulations show that the voltage drop in one or two phases of a power distribution network, caused by a single-phase fault in the transmission network, has less effect on an induction motor powered by a direct matrix converter compared to the effect of a two-phase fault. This is because of the significant voltage phase shift (up to 60 • ) and the significant voltage drop (to 50% of nominal value). In the conditions mentioned, it is inadvisable to continue the operation of an induction motor powered by a DMC with the conventional SVM control. The proposed modification of the SVM control improves the voltage level at the output terminals of a three-phase DMC loaded by an induction motor (the average effect on the voltage transfer ratio is above 1: 1.33 and 1.26, respectively) in the case of a single-phase voltage drop (sags 1 and 2). In the case of a phase shift up to 60 • (sags 3 and 4), the proposed modification is not effective and has the opposite effect (average effect on the voltage transfer ratio is below 1: 0.918 and 0.77, respectively). Consequently, for matrix drive operation in the case of sags influenced by a two-phase fault in the electric power network, another modification of control or of the appliance energy of the coupling elements (capacitors, inductors) has to be proposed. This is a subject for further research.
